The pure rotational spectrum of HPS, as well as its 34 S and D isotopologues, has been recorded at microwave, millimeter, and submillimeter wavelengths, the first observation of this molecule in the gas phase. The data were obtained using a combination of millimeter direct absorption, Fourier transform microwave (FTMW), and microwave-microwave double-resonance techniques, which cover the total frequency range from 15 to 419 GHz. Quantum chemical calculations at the B3LYP and CCSD(T) levels were also performed to aid in spectral identification. HPS was created in the direct absorption experiment from a mixture of elemental phosphorus, H 2 S, and Ar carrier gas; DPS was produced by adding D 2 . In the FTMW study, these species were generated in a pulsed discharge nozzle from PH 3 and H 2 S or D 2 S, diluted in neon. The spectra recorded for HPS and its isotopologues exhibit clear asymmetric top patterns indicating bent structures; phosphorus hyperfine splittings were also observed in HPS, but not DPS. Analysis of the data yielded rotation, centrifugal distortion, and phosphorus nuclear spin-rotation parameters for the individual species. The r m
I. INTRODUCTION
The bonding between second-row elements (i.e., Al through Cl) is a topic of considerable interest. The firstrow elements, namely, carbon, oxygen, nitrogen, and even boron, are well-known to be able to form multiple bonds between themselves and/or each other. 1 However, experimental studies and theoretical work led to the consensus for sometime that multiple bonds with second-row elements could not exist, 2 the so-called "classical double bond rule." Since the 1960's, however, many species of this type have been discovered, including molecules with P=P and Si=Si double bonds. [2] [3] [4] [5] Even with the recent studies of silicon and phosphorusbearing molecules, species with the P-S bond have remained elusive. Only FPS, ClPS, BrPS, and SPCN have been investigated, primarily in the infrared in an argon matrix. [6] [7] [8] [9] TheB 2 A −X 2 A electronic transitions of F 2 PS and Cl 2 PS have also been recorded using laser-induced fluorescence (LIF) and single vibronic level emission spectroscopy. 10, 11 Only one such species has been investigated at high spectral resolution, namely, FPS. Both pure rotational and highresolution infrared spectra have been obtained for this molecule. 12 Species with a P-S bond are also of astronomical interest. Six phosphorus-bearing molecules (HCP, CP, PN, CCP, PH 3 , and PO) have thus far been detected in the circumstellar envelopes of old, evolved stars, [13] [14] [15] [16] [17] [18] and PN has also been observed in dense molecular clouds. 19, 20 Presumably other such species exist, perhaps some bearing a phosphorus-sulfur bond.
One obvious species containing a P-S bond is HPS, the second-row analog of HNO. Theoretical calculations have been performed for HPS using several ab initio methods at the HF, MP2, QCISD(T), and CCSD(T) levels. 21, 22 The geometrical parameters, vibrational frequencies, and rotational constants of the ground state and triplet excited state have been estimated, 21, 22 as well as the energy barrier between the HPS and HSP isomers. 22 HPS was first observed experimentally by neutralization-reionization mass spectrometry by Wong et al. in 1992, 23 whose work indicated that this species, as well as HSP, were stable in the gas phase. TheÃ 1 A −X 1 A electronic transitions of HPS and DPS have also been measured very recently using laser-induced fluorescence and single vibronic level emission spectroscopy. 24 Here we report the first measurements of the pure rotational spectrum of HPS and its D and 34 S isotopologues from microwave to submillimeter wavelengths. Both direct absorption and Fourier transform methods were employed in this study, as well as high-level quantum-chemical calculations, which assisted in the experimental investigation. In this paper, these data, the corresponding spectroscopic constants, and the molecular structure are presented, along with a comparison of the bonding characteristics between the first-and second-row analogs.
II. EXPERIMENTAL
The pure rotational spectrum of HPS was first detected by direct absorption millimeter/submillimeter techniques using one of the instruments of the Ziurys group. 25 Briefly, this instrument consists of a frequency source, a free space gas cell, and a detector. The radiation source is a suite of Gunn oscillators combined with Schottky diode multipliers, covering a frequency range of 65-850 GHz. The glass reaction cell, which is chilled to −65
• C with methanol in a cooling jacket, contains two ring discharge electrodes in a longitudinal arrangement and is evacuated with a Roots-type blower pump. A liquid helium-cooled InSb hot electron bolometer is used as the detector. The radiation is propagated through the system using a series of Teflon lenses. Phase-sensitive detection is carried out by modulating the frequency source at a rate of 25 kHz, with 2f detection using a lock-in amplifier.
HPS and HP 34 S were created in the gas phase from a mixture of phosphorus vapor and H 2 S with argon in the presence of an ac discharge. The ac discharge was operated at a power level of 150-200 W with an impedance of 600 . The vapor was generated by heating solid elemental red phosphorus to ∼500
• C in a glass oven attached to the bottom of the cell, to which ∼5 mTorr of H 2 S and 35 mTorr of Ar were added. To create DPS, 20 mTorr of D 2 was introduced to the reaction mixture. The 34 S isotopologue was recorded in natural abundance ( 32 S: 34 S = 22.5:1). The H 2 S-Ar mixture created a white-colored plasma in the cell; addition of D 2 altered the discharge color to red.
Transition frequencies were determined by measuring pairs of scans 5 MHz wide, one increasing in frequency and the other decreasing in frequency, to remove any systematic frequency shifts. For HPS, 2-4 such scans were necessary to achieve an adequate signal-to-noise ratio, while for DPS and HP 34 S, 4-12 scans and 20-30 scans were needed, respectively. The experimental accuracy of the measurements is estimated to be ±50 kHz.
The microwave spectrum of HPS was measured using the Harvard Fourier transform microwave (FTMW) spectrometer, coupled with a supersonic molecular-beam discharge source; both have been described in detail elsewhere. 26 Measurements were also conducted using microwave-microwave double resonance techniques, as described in Ref. 27 . Molecules are synthesized in the throat of a small supersonic nozzle by applying a low-current dc discharge to a short gas pulse created by a fast mechanical valve. The gas mixture normally consists of a precursor diluted to less than 1% in a neon buffer.
The mixture gases used for the FTMW search for HPS were optimized on a line of the PS radical at 26.4 GHz. The best conditions were found using a discharge potential of 1.2 kV in a mixture of H 2 S and PH 3 , heavily diluted in neon (∼0.1%), giving a total flow rate of about 20 cm 3 min −1 at standard temperature and pressure, with a stagnation pressure behind the valve of 2.5 kTorr and a 6 Hz nozzle pulse rate. Spectra of DPS were recorded by replacing H 2 S with D 2 S, and those of HP 34 S were observed in natural abundance. The spectra appear as Doppler doublets in the spectrum owing to the coaxial orientation of the fast-moving supersonic molecular beam relative to the microwave mode structure in the Fabry-Perot cavity. The experimental uncertainties of the observed transitions are 3 kHz for the FTMW experiments and 50 kHz for double resonance measurements.
III. QUANTUM-CHEMICAL CALCULATIONS
Previous theoretical studies of HPS predicted a bent molecule of 1 A symmetry and a HSP ( 3 A ) geometric isomer lying approximately 67.8 kJ/mol above the HPS global minimum with an isomerization barrier of ∼106 kJ/mol. 21, 28 In the present work, we used the GAUSSIAN 03 program suite to calculate the ground state structure and rotational constants of HPS prior to searches for the millimeter-wave spectrum. 29 Density functional theory with the Becke three parameter hybrid density functional and the Lee, Yang, and Parr correlation functional (B3LYP) was employed with Dunning's correlation-consistent quadruple-zeta basis set augmented by diffuse functions (aug-cc-pVQZ) to predict the molecular structure and vibrational frequencies. [30] [31] [32] [33] A stable stationary point with a bent structure, r e (PH) = 1.441 Å, r e (PS) = 1.936 Å, and θ e (HPS) = 102.1
• , of singlet multiplicity and dipole moments of μ a = 1.3 D and μ b = 0.5 D were found. The rotational constants predicted by the calculations are A e = 264,059 MHz, B e = 8,330 MHz, and C e = 8,075 MHz. These data were used as input to calculate the strongest millimeter-wave spectroscopic lines of HPS, and searches were carried out over a broad frequency range based on these rotational constants.
Additional quantum chemical calculations of HPS were performed using coupled-cluster theory at the CCSD(T) level. 34, 35 These calculations were performed using the 2005 Mainz-Austin-Budapest version of ACESII and its successor CFOUR in its parallel incarnation. [36] [37] [38] Dunning's hierarchies of correlation-consistent polarized valence and polarized core valence basis sets were used throughout: in the frozen core (fc) approach, the d-augmented basis sets cc-pV(X+d)Z (X = T and Q) were used for the phosphorus and sulfur atoms and the cc-pVXZ basis sets for hydrogen. 30, 33 The cc-pwCVXZ (X = T and Q) basis sets were used when considering all electrons in the correlation treatment. 39 Equilibrium geometries were obtained using analytic gradient techniques. 40 The best equilibrium structure of HPS has been calculated at the CCSD(T)/cc-pwCVQZ level of theory previously shown to yield accurate equilibrium structures for molecules harboring second-row elements. 41, 42 Harmonic and anharmonic force fields were calculated at the CCSD(T)/cc-pV(Q+d)Z level of theory using analytic second-derivative techniques followed by additional numerical differentiation to calculate the third and fourth derivatives needed for the anharmonic force field. [43] [44] [45] Theoretical ground state rotational constants are then obtainable from the equilibrium rotational constants [calculated at CCSD(T)/ccpwCVQZ] and the zero-point vibrational contribution [calculated at CCSD(T)/cc-pV(Q+d)Z] according to
with similar equations for the A 0 and C 0 rotational constants. The force field calculations also yield the quartic centrifugal distortion constants. Nuclear quadrupole coupling constants for the deuterium species and nuclear spin-rotation constants for P were calculated at the CCSD(T)/cc-pwCVQZ level of theory employing perturbation-dependent basis functions for the latter.
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IV. RESULTS
The millimeter/submillimeter spectrum of HPS was identified by continuously scanning the region from 370 to 415 GHz. From the data, a pattern of multiple harmonicallyrepeating lines was identified that had the characteristic a-type pattern of a near prolate asymmetric top, with an effective rotational constant, B eff = (B+C)/2, similar to the value predicted for HPS. Chemical tests were then performed which confirmed that these signals were due to both H 2 S and phosphorus. In addition, strong lines of PS were recorded in the survey spectra. The carrier of the asymmetric top features was therefore assigned to HPS. No b-type transitions were evident in the data.
Four additional rotational transitions were subsequently detected using FTMW spectroscopy, including the two lowest K a = 1 lines. Due to the high spectral resolution of the FTMW spectrometer, the spin-rotation splittings of the phosphorous nuclear spin (I = 1/2) were resolved for the J Ka,Kc = 1 0,1 → 0 0,0 and 2 0,2 → 1 0,1 transitions. Finally, double resonance microwave-microwave techniques were also used to extend the frequency range of the Harvard FTMW The millimeter/submillimeter search for HP 34 S and DPS was undertaken after the microwave detection and the CCSD(T) calculations were performed. Scaling the predicted rotational and centrifugal distortion constants for the 34 S isotopologue by the ratio of the experimental to theoretical values for HPS yielded predicted frequencies accurate to ±1-2 MHz. The millimeter/submillimeter spectrum of DPS was then found using a similar scaling technique, but the predicted frequencies were only accurate to ±10 MHz.
A sample of the rotational transitions measured for the main isotopologue of HPS is listed in Table I . The full dataset is available online. 47 Asymmetry components in the range K a = 0 -6 in twelve millimeter/submillimeter transitions in the range 228 -415 GHz were recorded for this species. Only the asymmetry doublets of the K a = 0, 1, 2, and 3 components were resolved. A total of 120 individual features were recorded. Three rotational transitions were measured in the microwave region, each exhibiting phosphorus hyperfine structure, resulting in a total of eight individual features.
Selected rotational transitions measured for HP 34 S and DPS are given in Table II . The rest of the data is available online. 47 Four transitions were measured in the millimeter region (342-419 GHz) for both isotopologues. Only the K a = 0, 1, and 2 asymmetry components were observed due to the weaker intensities of these features. Furthermore, several lines of DPS were blended with other unknown features. Three transitions were recorded for HP 34 S and two for DPS in the microwave region. Only the K a = 0 components could be identified in this case. Small splittings due to nuclear spin-rotation interactions were observed in the K a = 0 components of the J Ka,Kc = 1 0,1 → 0 0,0 and 2 0,2 → 1 0,1 transitions of HP 34 S, but could not be resolved in the K a = 1 lines, nor in any of the DPS spectra.
A spectrum of the J = 24 ← 23 transition of HPS near 395 GHz, with numerous asymmetry features, is displayed in Fig. 1 in this frequency range. Other weaker, unidentified features are also apparent in the data. A spectrum of the J Ka,Kc = 2 0,2 → 1 0,1 transition of HPS near 33 GHz is displayed in Fig. 2 . Here the three hyperfine components due to phosphorus nuclear spin-rotation interaction are apparent in the data. Each line is split into Doppler doublets indicated by lines underneath the spectrum.
An example of how the pattern of the asymmetry components changes as a function of J is shown in Fig. 3 . Here a stick spectrum shows the K a = 0, 2, 3, 4, 5, and 6 lines in the J = 14 ← 13, 19 ← 18, and 24 ← 23 transitions near 231, 313, and 395 GHz. The K a = 4, 5, and 6 components do not shift significantly with respect to each other as a function of J, and the K a = 3 component moves only slightly. In contrast, the K a = 0 component shifts substantially, from close proximity to the K a = 4 line at low J, to beyond the K a = 6 line at high J. The K a = 2 doublets also show increasing splitting as J increases.
V. ANALYSIS
The data for HPS, HP 34 S, and DPS were individually analyzed with a Watson S-reduced Hamiltonian that included rotational, centrifugal distortion, and phosphorus nuclear spin-rotation interactions:
The spectroscopic constants were determined using the nonlinear least squares fitting routine SPFIT. 49 In the fit, D K for all three species was fixed to the value predicted by the CCSD(T) level of theory. In addition, two nuclear spinrotation parameters arising from the phosphorus nucleus, C bb and C cc , were constrained to the ratio of the theoretical pre- dictions, as they could not be independently determined due to the limited amount of data. C aa for HP 34 S also had to be fixed to the value for HPS. The resulting parameters are given in Table III , which also lists the calculated values. As Table III shows, centrifugal distortion constants typically up to fourthorder were necessary for a good fit for the three species. The rms of the fits range from 38 to 67 kHz.
The rotational constants are in excellent agreement with the theoretical values at the CCSD(T) level, with the B and C parameters only differing by 0.05-0.07%, and A by 0.7%. The experimental centrifugal distortion constants are also in good agreement with the theoretical predictions. The hyperfine parameter C aa , however, is about a factor of 2 less than the calculated value of 1.346 MHz.
VI. DISCUSSION
Several structures were calculated for HPS from the rotational constants using the nonlinear least squares routine STRFIT. 51 An r 0 geometry was determined directly from the moments of inertia, while an r (1) m structure was also derived by a mass-dependent method developed by Watson. 52 A semiexperimental (empirical) structure was also calculated from the experimental rotational constants corrected for zeropoint vibrational effects, 53 an approach used recently to determine equilibrium structures of related molecules such as HPSi, H 2 SiS, and Si 2 S. 50, 54, 55 This empirical structure was established by adding the theoretical vibrational corrections B 0 and C 0 (Table III) to the experimentally determined rotational constants B 0 and C 0 (Table III) , i.e., B e = B 0 + B 0 . A least-squares fit of the HPS structural parameters was then carried out using the six I b and I c equilibrium moments of inertia obtained from the corresponding empirical B e and C e constants adopting equal weights for all isotopologues.
The structures generated for HPS are listed in Table IV , along with those predicted by the quantum-chemical calculations described here, as well as several other theoretical geometries.
21, 22 Figure 4 shows the empirically established r emp e structure. Also given in Table IV are the bond lengths and angles of several other species related to HPS. 12, 22, [56] [57] [58] As can be seen from the table, the H-P bond length in HPS (r emp e = 1.4321(2) Å) is very similar in value to that found for PH (r 0 = 1.4328(1) Å) and PH 3 (r e = 1.4115(6) Å), 56, 57 and the calculated value for HPSH (r e = 1.416 Å: QCISD /6-311++G(d,p). 22 This accord indicates that there is a H-P single bond in HPS. The PS bond length of this species (r emp e = 1.9287(1) Å) compares closely to that found for PS (r 0 = 1.9003(1) Å) and FPS (r emp e = 1.8886(4) Å). The PS bond length in HPSH is predicted to be longer (r e = 2.120(1) Å), likely reflecting a single P-S bond. The significantly shorter P-S bond distance for HPS relative to HPSH suggests a P=S double bond. Thus, the bonding of this molecule is best represented as H-P=S.
The H-P-S bond angle was determined to be θ = 101.78(1 • ) from the r emp e method. This value lies between the HPS angle calculated for HPSH (91.6
• ) and the experimental bond angle in FPS (109.28
• ). The near 90
• angle in HPSH likely reflects purely p orbital bonding. In FPS, the larger bond angle may result from a certain degree of sp 2 hybridization on the phosphorus atom.
The structure of HPS can also be compared to its singlyand doubly-substituted first-row analogs HNO, HNS, and HPO. The geometries of these four species are listed in Table V . 59, 60 The bond lengths and angle of HNO were calculated from the rotational constants of HNO and DNO using STRFIT, 51 as the structure was not given in Ref. 59 . The geometry of HNS had to be calculated at the B3LYP/aug-ccpVTZ level because it has not been studied experimentally. As can be seen from the table, the H-P bond lengths of HPO and HPS are very close in value at 1.43 -1.47 Å. The heavy atom bond length, in contrast, increases on substitution of a second-row element, from 1.21 to 1.57 Å for N-O to N-S, and 1.48 to 1.93 Å for P-O to P-S and is longest in HPS. These changes likely reflect the larger atomic radii of the second-row elements.
Comparison of the bond angles among these species perhaps presents more chemical insight. The bond angle for the first row molecules, HNO and HNS, is 108-110
• , while it decreases to ∼105
• for HPO and ∼102
• for HPS. This trend suggests that the bonding is basically similar in all molecules with a double bond between the heavy atoms, i.e., N = O, N=S, P=O, and P=S. The bond angle in all cases reflects sp 2 hybridization, altered by the presence of lone pair electrons, which closes the angle somewhat relative to 120
• . This effect is also seen in vinyl anion (CH 2 =CH − ), a similar species with a C=C-H moiety that has a bond angle of ∼108.5
• .
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The bond angle becomes even smaller, however, for HPO and HPS, likely a result of increased p orbital contribution of phosphorus, relative to nitrogen. If the bonding were purely due to p orbitals, an angle of ∼90
• would be expected, as seen in SrSH and BaSH. 62, 63 The small difference in the HPO and HPS bond angles is also notable. This disparity, ∼105
• for HPS, can be explained by a small contribution from the ionic resonance form, linear H-P + ≡O − , to H-P=O. The electronegativity of oxygen is greater than that of sulfur (χ (O) = 3.4, χ (S) = 2.6), 64 and thus this structure is more likely to play a role in HPO as opposed to HPS. Because this resonance form is linear it would slightly increase the H-P-O bond angle relative to HPS, as observed.
The zero-point inertial defects, 0 , for HPS, HP 34 S, and DPS were calculated to be 0.078 amuÅ 2 for HPS and HP 34 S and 0.109 amuÅ 2 for DPS, based on the rotational constants, A 0 , B 0 , and C 0 . For closed-shell, planar molecules, this parameter has contributions from harmonic and Coriolis terms of vibration-rotation interactions:
The Coriolis interaction is generally negligible for small molecules. 65 Therefore, the harmonic term is the dominant contributor to 0 in HPS. This parameter can also be calculated from the centrifugal distortion constants D J , D JK , d 1 , and d 2 . 65 It was determined to be 0.084 amuÅ 2 for HPS, 0.085 amuÅ 2 for HP 34 S, and 0.114 amuÅ 2 for DPS. These values are slightly larger than the experimentally determined values of 0 , and such differences likely reflect a small, negative Coriolis contribution. Using the empirical equilibrium rotational constants, the inertial defect was calculated to be −0.006 amuÅ 2 for all three species of HPS, i.e., essentially zero. The vibrational contributions can therefore be effectively removed by applying the calculated zero-point corrections. Using their experimentally derived rotational constants, the inertial defects of HNO, DNO, HPO, and DPO were calculated to be 0.048 amuÅ 2 , 0.063 amuÅ 2 , 0.079 amuÅ 2 , and 0.105 amuÅ 2 , respectively. All of these values are small and positive; hence, these molecules are all relatively rigid species, supporting the notion of a double bond between the heavy heteroatoms.
To first order, the nuclear spin-rotation hyperfine interaction in HPS results from the coupling of the phosphorus nuclear magnetic moment (μ I = 1.13160(3) μ N ) (Ref. 66 ) with the magnetic field generated by the rotation of the molecule about the three principle axes. This field is typically weak and usually results in small values for the C aa , C bb , and C cc hyperfine parameters. A second-order correction is also possible, arising from nuclear spin-orbit coupling with nearby electronic states. In this case, the orbiting electrons create the magnetic field, which generates a much stronger coupling. Considering the effects of the nearest excited state A 1 A , this interaction is expressed as 67 
C ii
Here B ii are the ground state rotational constants, a XA is the off-diagonal nuclear spin-orbit interaction constant, L i is the i component of the orbital angular momentum, and E A and E X are the energies of the excited and ground states. The excited state does not have to have orbital angular momentum as long as it correlates to a state that does in the linear limit. For HPS, the likely state involved is A 1 A , which correlates with a 1 i state in the linear limit. 24 As this expression suggests, the nuclear spin-rotation parameters should be proportional to the respective rotational constants, if the second-order effect dominates. The C aa , C bb , and C cc constants for HPS have the values of 0.701 MHz, 0.0371, and 0.0091 MHz, respectively, which closely correlate with the rotational constants A 0 = 264,001 (36) , B 0 = 8,379.1510 (22) , and C 0 = 8,111.2313 (21) . The dominance of the second-order term explains why the phosphorus hyperfine splitting was not resolved in DPS. This splitting likely reflects the much smaller value of A 0 relative to HPS: 264,001(36) versus 138,629.7(9.5) MHz.
VII. CONCLUSION
High-resolution gas-phase studies of simple molecules with second-row elements can produce useful chemical insights into this class of species. This combined microwave and millimeter-wave investigation of HPS has shown that this molecule is bent, with an angle near 102
• . Furthermore, the molecule has a P=S double bond and a P-H single bond. Consequently, it appears to mimic the structure of HNO, as well as HPO and HNS. The geometry results from sp 2 hybridization at the phosphorus atom with distortion from the lone pair electrons, as well as some contribution from the p orbitals. The p orbital influence is more important in phosphorus and sulfur than in nitrogen and oxygen. A small inertial defect exists in HPS, indicating that this species is quite rigid. This rigidity is also reflected in the lack of higher-order centrifugal distortion constants in the spectral analysis. Additional studies of simple species with second-row elements are clearly needed to further elucidate their chemistry.
